The role of partially hydrolysed glyceride compounds (monoglycerides, MG; diglycerides, DG) on the protective effect of a natural antioxidant (citric acid) in a commercial marine oil (cod liver oil) was investigated during the heat treatment. Lipid oxidation development was analysed by fluorescence and browning detections. An inhibitory effect of the antioxidant action was observed at 50ºC for all the concentrations tested (MG: 0.1-5.0%; DG: 0.1-2.0%) that was faster as the hydrolysed lipid was employed in a higher proportion; no inhibitory action of MG and DG was observed at the same concentrations when lower temperatures (15ºC and 30ºC) were tested. MG including four different branched fatty acids (lauric, myristic, palmitic and stearic) were compared; the inhibitory effect on the citric acid action was found faster and higher when the fatty acid chain was longer.
INTRODUCTION
Lipid oxidation has been found to strongly influence marine products shelf life (1, 2) because of the highly unsaturated lipid composition of marine species (3), the presence of endogenous prooxidant molecules (4, 5) and the high temperatures involved in some kinds of fish processing (6, 7) . Lipid hydrolysis has also been shown to occur during fish processing as a result of enzymatic and non-enzymatic damage pathways (8, 9) . In all cases, hydrolysis compounds (free fatty acids, FFA; monoglycerides, MG; diglycerides, DG; and others) themselves have not been shown to lead to nutritional losses, although if present in large quantities they could cause undesirable side reactions and sensory losses (10, 11) .
Among lipid hydrolysis compounds, most attention has been accorded to the FFA formation. Thus, accumulation of FFA has been related in some extent with lack of acceptability, because FFA are known to cause detrimental effect on ATP ase activity, protein solubility and relative viscosity (12) , texture deterioration by interacting with proteins (13) and to be interrelated with lipid oxidation development (14) . Concerning the remaining hydrolysis products, little research has been carried out to assess their effect on food quality; partially hydrolysed glyceride compounds (MG and DG) have been reported to produce a prooxidant effect in vegetable oils (15) .
To avoid lipid damage and to prolong shelf life of food products, great attention is being given to antioxidants employment (16) . Recent efforts are now focused on the replacement of synthetic antioxidants by natural ones (17) . In the case of marine products, naturally occurring antioxidants have been successfully employed for marine oils (18) , minced fish (19) and filleted fish (20) .
In a previous work (21), a natural antioxidant (citric acid) showed a protective effect towards marine lipids during the thermal treatment. The present experiment was designed to assess the effect of partially hydrolysed glyceride compounds (MG and DG) on the inhibition of oxidation caused by citric acid during the heat treatment of a commercial marine oil.
MATERIALS AND METHODS

Raw material and chemicals
Cod liver oil (CLO) was obtained from a commercial source (Bama Geve, S. A.; Barcelona, Spain). Before employment, acid value (0.9mg KOH/g lipids), peroxide value (1.6meq O 2 /kg lipids) (22) and fatty acid composition (23) Brown coloration was measured at 420 nm (26) . Results were calculated using the following formula: Browning value (BV) = A x v / w, where A is the absorbance reading at 420 nm, v denotes the volume (ml) of the sample and w is the mass (g) of the sample.
Statistical analysis
Fluorescence ratio (δF) and browning (BV) values were subjected to the ANOVA one-way method (p<0.05); comparison of means after the ANOVA test were performed using a least-squares difference (LSD) method (27) .
RESULTS
Lipid oxidation compounds (e.g., peroxides and carbonyls) produced from CLO during the present experiment interacted with Pam to produce Schiff bases and other interaction compounds that were assessed by fluorescence and browning detections (25, 28, 29) . In the absence of CLO+Pam, no changes in both assessments were observed along the reaction time; this was the case of the individual reagent blanks (CLO, Pam, CA, MG and DG) and also the mixtures Pam+MG and Pam+DG, including different reagent ratios (data not shown). Accordingly, the effect of MG and DG on the inhibition of lipid oxidation caused by CA was evaluated by comparison with the CLO+Pam reaction system (oil blank, OB) and with the CLO+Pam+CA reaction system (citric acid blank, CAB).
Effect of MG and DG at 50ºC
In the case of MG, the fluorescence assessment (Table 1) Reaction mixture consisting of the highest DG content (16-DG 3 ) showed an inhibitory effect on CA action at day 3 ( Table 2 ). At the end of the reaction time (day 15), all the DG concentrations evaluated (0.1-2.0%) did not show significant differences as compared with the non-protected mixture (OB sample) but were higher than the protected system (CAB sample). The browning detection also showed the inhibitory effect of DG on the protection caused by CA (Figure 2 ), although again no significant (p<0.05) differences in oxidation development could be obtained at the end time among the different DG concentrations tested.
Effect of MG and DG at lower temperatures
The effect of MG and DG on the inhibition of oxidation of CLO by CA was also studied at lower temperatures (15ºC and 30ºC). For both hydrolysed lipid classes, the fluorescence assessment at 15ºC (Table 3 ) and 30ºC (Table 4) did not show an inhibitory effect on the CA protective action. During the whole experiment no significant differences among the CAB system and samples including MG or DG could be obtained. In most cases, the OB system (absence of CA) showed a higher oxidation development than the remaining samples.
Browning values gave rise to similar conclusions. A higher oxidation development was observed for the OB sample than for the remaining ones (p<0.05).
The presence of MG and DG at both temperatures (15ºC, Figure 3 ; 30ºC, Figure 4 ) did not provide significant (p<0.05) increases in oxidation damage when compared to the CAB mixture. Accordingly, the CA effect was not inhibited.
Effect of the MG chain length
The effect of the chain length of the fatty acid included in the MG molecule on the CA inhibited oxidation was studied. Four different MG were considered (Materials and Methods section). According to the fluorescence assessment (Table 5 ), at day 6 of reaction 16-MG and 18-MG showed an inhibitory effect on the protective effect of the antioxidant. At day 15, this effect was also observed for 14-MG sample. At the end of the reaction time (25 days), all MG showed a higher oxidation development compared to the protected mixture (CAB sample). In addition, 14-MG, 16-MG and 18-MG did not show significant differences as compared with the non-protected sample (OB mixture).
Comparison among MG, only showed a higher value for 18-MG than for 12-MG at the end of the experiment.
According to the browning detection ( Figure 5 ), 14-MG, 16-MG and 18-MG showed an inhibitory effect on the CA action at day 10 (p<0.05). At the end of the experiment, this effect could also be observed for 12-MG, and none of the MG samples showed significant (p<0.05) differences as compared with the non-protected mixture (OB system). Comparison among the different MG showed a gradual increase in the browning value as the chain length increased.
DISCUSSION
MG and DG caused an inhibitory effect on the antioxidant action of CA when a commercial marine oil was tested in a heated (50ºC) model system. This effect was observed at different concentrations (MG: 0.1-5.0%; DG: 0.1-2.0%) and was faster when a higher concentration of both hydrolysed glyceride compounds was employed.
When lower temperatures (15ºC and 30ºC) were studied this inhibitory effect on CA could not be observed under the same reaction conditions.
Results agree with previous research focused on the role of fatty alcohols in inhibited oxidation of vegetable oils when synthetic phenolic antioxidants (pmethoxyphenol and hydroquinone) (30, 31) were studied. In this case, fatty alcohols, including MG, were shown to inhibit the antioxidant effect as a result of blocking the phenolic antioxidant through the formation of a hydrogen bond-based complex.
According to the present results at 15ºC and 30ºC, no changes in the oxidation stability and the oxidation rate of the inhibited lipid system were found at room temperature when fatty alcohols (1-tetradecanol and 1-octadecanol) were present (31).
Since lipid oxidation is not favoured from a kinetic point of view, at lower temperatures activation energies are more difficult to be attained, lipid oxidation develops slowly, and it could be argued that the presence of MG or DG would not produce a significant effect in systems checked in the present experiment.
Present results on comparison of different kinds of MG showed a faster and higher inhibitory action on the CA effect when MG including longer chain lengths were considered. This difference may be explained on the basis that a longer chain length in the branched fatty acid would mean a higher positive inductive effect of the hydrocarbon chain on the hydroxilic groups (32) , so that the nucleophilicity of the hydroxy oxygen would be enhanced and participation in the hydrogen bond interaction with the lipid oxidation inhibitor would be increased. This positive inductive effect of the hydrocarbon chain length had also been observed when comparing the ability of different kinds of aliphatic amines (nucleophilic behaviour) in producing fluorescent compounds (33) .
Marine products have been reported to include a great diversity of endogenous antioxidants (35, 36) and to be treated with a wide number of exogenous natural antioxidants (16, 17) . Since lipid hydrolysis is widely produced as a result of heat treatment (cooking, sterilisation, smoking, drying) of marine products (6, 9, 34), a great attention should be given to minimise the partially hydrolysed lipids formation to avoid inhibition of endogenous and exogenous antioxidants action, that could lead to lipid oxidation development of the highly unsaturated fatty acids (1, 3) of marine products. Other abbreviations as specified in Figure 1 .
TABLE 1
Fluorescence ratio (δF) values* obtained by oxidation of cod liver oil (CLO) at 50ºC in the presence of propylamine, citric acid (0.50%) and monopalmitoyl-glycerol (16-MG)**
REACTION TIME (days) ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Reaction Mixture 2 (0.5%) and 16-DG 3 (2.0%). Other abbreviations as specified in Table 1 . Tables 1 and 2, respectively) were evaluated. Other abbreviations as specified in Table 1 . Tables 1 and 2, respectively) were evaluated. Other abbreviations as specified in Table 1 .
TABLE 5
Fluorescence ratio (δF) values* obtained by oxidation of cod liver oil (CLO) at 50ºC in the presence of propylamine, citric acid (0.50%) and monoglycerides with different chain lengths**
REACTION TIME (days) ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Reaction Mixture 
